Singlet oxygen ( O ) produced during inflammatory reactions and during photodynamic therapy deactivates by producing in tissues secondary reactive oxygen species and peroxides (SOS) as well as other degradation products. We investigated the influence of animal species on SOS production secondary to standardized O production by performing in vitro experiments with rose bengal as the O producer, human serum (HS) as a control, sera derived from various animal species, and dichloro-dihydro-fluorescein as a nonspecific marker that becomes fluorescent when oxidized. The overall SOS production in HS from a presumed healthy cohort of 53 donors (31 males and 22 females) gave a mean "normal" value of 0.91 compared with a previous pool of 75 male sera samples. SOS production after a photo-reaction was two or four times lower in HS than in fetal calf serum or mice sera, respectively. In mice, the "nude" characteristic increased even more than in the SOS production. In the Aves order, this production appeared to be distributed randomly according to the number of branches after the appearance of Amniotas. For primates, SOS production appeared to decrease linearly with the number of branches (R = 0.98). Adding hemolysates from complete bloods to the corresponding sera induced an increase in SOS production in all species, proportional to the production in sera. These findings should be kept in mind when interpreting results from studies of secondary reactive oxygen species-induced pathways following O production, regardless of its origin.
Introduction
Photodynamic therapy (PDT ), a procedure used during the course of human and, more recently, veterinary practice (Ferreira and Rahal et al. 2009; Marconato and Buchholz et al. 2012 ) is based on the production of singlet oxygen ( O ) (Weishaupt and Gomer et al. 1976 ) and reactive oxygen species (ROS ) (P. V. Nariharan and J. Courtney et al. 1980; Ochsner 1997) under light exposure, leading to tissue death. During PDT photosensitizers may reach some specific targets and can be administered through various routes or vehicles, including intravenous injections of different durations or can be applied topically. Light emitted at a wavelength absorbed by the photosensitizer can also be delivered at various intervals following sensitizer administration and according to a range of parameters. Such oxidative species are also deactivated through the production of even more oxidizing species that randomly induce damage to various biological targets (Tanielian and Mechin et al. 2000; Kon and Tanigawa et al. 2004) . O , an excited form of "normal" molecular O and ROS are also involved as a cause or a consequence of many diseases, inflammatory reactions, and metabolic pathways. We recently demonstrated that secondary ROS and peroxides production was much lower in human serum than in fetal calf serum (FCS ), with production differing from one person to another (Olivier and Douillard et al. 2009b ). The aim of the present study was to determine whether sera obtained from the blood of several animal species had the same capacity for secondary ROS and peroxides (SOS ) neutralization as sera prepared from human blood. If this is not the case, it would mean that neutralization of SOS does not occur similarly, as neutralization would take place physiologically through the consumption of normally present antioxidants. To address this question, we delivered a standardized amount of photo-produced O to sera and measured the induced SOS
In the present report we assess the influence of the animal species origin, with a particular focus on primates, of serum on SOS production and/or deactivation. We also discuss the influence of hemolysis of respective types of blood on this production.
Materials and Methods

Chemicals
We diluted rose bengal (RB , , from Sigma-Aldrich, France), a photosensitizer with a quantum yield of O production as high as 75% (Redmond and Gamlin 1999) , in sterile water for injections. We then prepared activated dichloro-dihydro-fluorescein (DCFH ) from 2ˈ-7ˈ dichloro-dihydro-fluorescein diacetate (DCFH-DA, Sigma, Saint Quentin Fallavier, France) and diluted the DCFH before adding it to the samples to be assayed (1 mL, 40 µM) immediately after light delivery to monitor oxidative species (Hafer and Iwamoto et al. 2008 ).
Biological Reagents
Human Sera (HS)
We isolated a total of 53 human serum (HS ) samples (from 22 women and 31 men) and assayed the sera individually for secondary ROS and peroxides production. We then compared the results with blood samples from a first cohort of healthy blood donors (from n = 75 men) recruited consecutively for whom sera had been pooled (EFS 1). The study was conducted according to the protocol (NTS 2006-02) established between the Etablissement Français du Sang and the Nantes University Hospital, according to the Helsinki declaration (1964/2000) . Eating and smoking were forbidden during the 2 hours before blood sampling as described in the study exclusion criteria. We carefully drew a total of 10 mL of venous blood, avoiding hemolysis as much as possible by using Terumo
Vacutainers and Terumo Venoject Quickfit needles on sterile clot act dry tubes (Terumo Venosafe VF-054SP). We allowed the blood to coagulate at room temperature for 30 minutes before it was centrifuged at 3500 rpm for 10 minutes. We then carefully collected the HS, avoiding any hemoglobin aspiration under sterile conditions, and separated the HS into two aliquots in 5-mL sterile tubes (Starlab France, Paris, ref TK75-006) that we immediately froze at -20°C until it was processed. The maximum time between blood sampling and freezing was less than 40 minutes.
Origin of Animal Sera
For comparison purposes, we used FCS in some experiments. We obtained the FCS that we used for cell culture from Bio Whittaker, Cambrex, Belgium (Aliquot N° 5SB002). Rat (Rattus norvegicus) serum was prepared from Sprague Dawley rats (Elevage Janvier, (Pierrelatte, France). All animals from a given species had been fed and had grown up in a highly similar manner.
The number of branches within the tree of life had been calculated for all species from the tree of life project (Maddison and Schulz et al. 2010) . The branches were counted from the appearance of both Amniotas and primates according to the latest possible discoveries, although a certain lack of precision could have been present in the Aves order. This number does not reflect discussions on the topic but rather the most commonly recognized shape of the tree of life.
Absorbance Measurements
We measured absorption spectra (380-800 nm) with a Techcomp 8500 UV/VIS absorption spectrophotometer (Fischer, France) for each patient sample and control following dilution in sterile water (final = 5% serum). The blank was the same sterile water placed in a similar cuvette.
Analysis of O -Induced SOS Deactivation
The measurement principle (Olivier and Douillard et al. 2009b ) that we used was based on the analysis of ROS and peroxides production, induced by photodynamically produced, by means of the DCFH/dichloro-dihydro-fluorescent (DCF ) system after adding activated DCFH to each sample assayed immediately after the end of light delivery. Briefly, we prepared a solution extemporaneously in glass cuvettes specialized for fluorescence (1 cm x 1 cm). The solution consisted of serum and RB (initially at 100 µg/mL) dissolved in sterile water for injections (pH 7). We then performed the 514-nm laser (Ar-ion Inova 70, Coherent ) irradiation in the cuvette containing 500 µL of solution. The laser beam was transmitted to the target by a silica-silicon step-index fiber (core diameter 600 µm) (Quartz et Silice , France) that provided a 10 mm-diameter laser spot and illuminated the solution. Immediately after irradiation, we added activated DCFH (1 mL, 40 µM). The DCFH solution oxidation resulted in the formation of DCF (excitation 488 nm, emission 525 nm). We began to record the fluorescence spectra of solutions containing sensitizer, serum, and DCF 40 seconds after the end of light delivery for 66 minutes with a monitored temperature of 40°C. For these experiments, we used a Varian Cary Eclipse spectrofluorimeter to enable the assessment of fluorescence levels for four cells simultaneously coupled to a Varian Cary PCB 150 Peltier device. We measured the area under the curve (AUC ) of change in DCF fluorescence over time for each serum, and we calculated the raw ratio by dividing the value of the tested serum by that of the reference (EFS 1).
Influence of Hemolysis
We obtained a sample of complete blood (ethylene diamine tetraacetic acid K tubes) in parallel for each serum sample, which we fully hemolyzed by ultrasound (Vibracell 72434, probe CV18/1524, power 40, three cycles of 1 minute per sample). We then mixed the sera with increasing concentrations of the corresponding complete blood samples and repeated the assay. We used complete blood dilutions (0, 1/250 to 1/2000) that corresponded to hemoglobin concentrations of 0.0967, 0.058, 0.029, 0.0193, 0.0145, 0.00967, 0.00725, and 0.0058 g/dL for HS assays. We then assayed each solution as described above for DCF fluorescence after RB addition (5 µg/mL) and light treatment (514 nm, 20 J/cm ), as well as for absorption spectrum measurement, after which we drew a graph to depict the evolution of DCF fluorescence according to optical densities (ODs ).
Results
The capacity of SOS production varied from one healthy person to another (Olivier and Douillard et al. 2009b ) but was constantly lower than in other primates. It had been found to be higher for Microcebus murinus (pre-primates), Platyrrhini, Catarrhini, and among them for humans (Figures 1 and 2 ), in this order of magnitude, thus following the phylogeny of primates (classified accordingly to the existence of primitive anthropomorphic characters (Thorington and Anderson 1984) ). Pooling SOS production values according to the number of divisions of the primate order to reach a given species (Maddison and Schulz et al. 2010) confirmed that there was a direct relation between the increase in ROS and peroxides production and the number of branches within primates (R = 0.98) ( Figure 2 ).
All series of SOS production ratios were normally distributed (Kolmogorov-Smirnov test) and, with the exception of Callithrix jacchus versus Chlorocebus aethiops, which were statistically different from each other (Mann-Whitney U test, p < 0.05). When pooled according to the number of branches within primates, the series of ratios (assayed serum AUC/HS pooled sera AUC) correlated with the number of branches (Kruskal-Wallis one-way analysis of variance on ranks, p < 0.001, Dunn's method, p < 0.05). 
SOS in Mammals Other Than Primates
In a previous paper we (Olivier et al. 2009b ) noted that the capacity for SOS production widely varied between FCS and HS. In the current study, using similar experimental conditions (RB and serum concentration, temperature, and irradiation) for each serum tested, our data indicate that the capacity of mouse sera for SOS production was about twice as high as that of FCS, and four times higher than that of HS. We found that secondary ROS production in rats was nearly three-fold higher than in HS, and that not all mice had a similar capacity for SOS production. In fact, the sera from Swiss and NMRI mice showed different patterns. Moreover, the "nude" characteristic induced changes in a given strain in that nude NMRI produced 14% more ROS than their non-nude counterparts (Table 1) . Table 1 . Secondary reactive oxygen species or peroxides production ratio as a function of mean morphological standards
SOS in Birds and Crocodiles
As shown in Figure 3 , representatives of the Aves class revealed different results, although the number of species studied was limited. We found ROS and peroxides production to be significantly higher for birds than for primates for a comparable number of branches, and the number of branches did not appear to influence SOS production significantly. Guinea fowls and chickens resulting from 24 +/-2 branches from the appearance of Amniotas had a ratio of 5.78 (standard deviation [SD ] 1.39) and 4.14 (SD 1.36), respectively, whereas ducks, which are 19 +/-2 branches away from appearance of the Amniotas, and Struthio camelus, which are 15 +/-2 branches away, also had a lower SOS production, at 4.78 (SD 1.71) and 4.64 (SD 1.51), respectively. In addition, we found SOS production to be better in crocodiles (ratio 3.79, SD 1.66) than in Struthio camelus, although the former species results from only 10 known divisions within the Amniotas compared with 15 for the latter. 
Biochemistry and Influence of Hemolysis on SOS Production
Although the routine biochemical and hematological parameters were all within the normal published ranges, the capacity of hemolysates to deactivate serum ROS and peroxides production differed from one species to another, with the hemolysates of birds deactivating significantly less than those of primates. When adding pooled fully hemolyzed whole bloods, and reconstructing the AUC for the ROS and peroxides production according to OD at 413 nm, a proportional increase in ROS and peroxides production was noted for each species studied (Figure 4) . The shape of the curves differed considerably from one species to another but reflected the capacity of sera to produce SOS. For some species, such as the Microcebus murinus or Saïmiri sciureus, the production of SOS was low in the absence of added hemolysate but rapidly changed when the OD at 413 nm increased. However, in certain other species, such as N. meleagris or G. gallus domesticus, a huge amount of hemolysate had only a limited impact on SOS production. 
(Microcebus murinus); ■: crocodiles (Crocodylus niloticus); ♦: squirrel monkeys (Saïmiri sciuereus); •: marmosets (Callithrix jacchus); *:baboons (Papio papio); -: vervets (Chlorocebus aethiops; x: humans (Homo sapiens). Sera were tested alone or after treatment with hemolysates obtained by sonication of the corresponding complete blood sampled on ethylene diamine tetraacetic acid for each species with dilution factors ranging from 2000 to 250 and giving, after addition to sera, optical densities measured at 413 nm of up to 0.9 (X axis). Each dot represents the mean of five experiments in which the secondary ROS and peroxides production area under the curve of dichlorofluorescein fluorescence were recorded for 66 minutes. Click for larger view.
We also analyzed potential correlations between biochemical parameters described in the literature as influencing secondary SOS production or oxidative stress. FCS and lemur sera showed a different level of creatinine and bilirubin, respectively, compared with the other species. C. niloticus and Aves had a lower rate of urea than mammals in which a trend toward a relation with SOS production was observed. Total cholesterol and glucose correlated roughly with capacity for SOS production, whereas an inverse correlation was observed for proteins ( Figure 5 ). Finally, ultrasound hemolysis did not modify total iron, transferrin-bound iron, and ferritin concentration. They did not exert any influence on SOS production whatever the species studied. 
Discussion
O is an excited form of molecular oxygen that is strongly oxidative for many biological targets, either directly or indirectly through the successive formation of various oxidative species. It is produced in vivo by activated neutrophils (Badwey Karnovsky 1980) or eosinophils (Kanofsky and Hoogland et al. 1988 ) and during various biochemical reactions including energy production (Kanofsky 1989 ) and photoreactions (Weishaupt and Gomer et al. 1976) . O is neutralized through antioxidative processes or after damaging biological tissues, and it may react with various targets and/or generate ROS that are, in some cases, nearly as powerful as O but with a much longer half-life (Kessel and Luo 1996; Wright and Hawkins et al. 2003; Girotti 2008) . The production of O requires oxygen, but its overall effect also depends on the way it is deactivated into SOS. In addition, the very limited radius of action of O , (Moan and Berg 1991; Snyder and Skovsen et al. 2006 ), due to its short lifespan, makes additional mechanistic pathways plausible to explain all described effects, increasing the sole O effects (Chakraborty and Held et al. 2009; Olivier and Douillard et al. 2009a ).
In a previous paper we found the capacity of O deactivation to vary widely between FCS and HS (Olivier and Douillard et al. 2009b ). In the current study, we used similar experimental conditions (RB and serum concentration, temperature, and irradiation) for each serum tested, and we extended the range of species studied to animals that are only rarely assessed for their resistance to ROS. We show that the capacity of mice sera for SOS production is about twice as high as that of FCS, and four times higher than that of HS. This potential has also been noted, although rarely addressed, in other species (Ninfali and Aluigi 1998) . In addition, not all mice species had a similar capacity for production. For example, the sera from Swiss and NMRI mice showed different patterns.
This difference, which is probably related to sera compositions that vary greatly from one species to another and accordingly influence ROS production, should lead to careful interpretation of O or ROS effects, whatever their origin. Moreover, in mice the nude characteristic induced changes in a given species; nude NMRI produced 14% more ROS than their non-nude counterparts.
Although biochemical differences between strains are conceivable, the underlying reasons for such differences related to the "nude"characteristic of mice are difficult to understand. These results are challenging because they complicate the extrapolation of experimental data from one model to another and of course from animals to humans, particularly when assays involve oxidative treatments, which is often the case in oncology and always the case during PDT. In addition, differences in resistance to ROS have previously been related to the mean lifespan of species (Sohal and Sohal et al. 1990 ). However, SOS production did not appear to correlate with the life expectancy of the species included within this study (Table 1) or of nonprimates or primates (data from the literature, e.g., Sohal et al. 1990 ).
Our data are concordant with those of Ninfali (Ninfali Aluigi 1998) , obtained using the oxygen radical absorbance capacity ("ORAC") test to assess the total antioxidant capacity instead of resistance to O and ROS. They observed a three-fold lower protection against ROS in chickens compared with Caucasian humans, a value close to the 4.86-fold noted in our study and a 6.4-fold higher SOS production for N. Meleagris. Based only on this result, we were unable to explain the difference between chickens (Strain JA 957) and N. Meleagris, which are similar to each other from a cladistic point of view. In parallel we assessed the capacity of the hemolysates to reduce the SOS production of the corresponding serum for each species. Whereas the routine biochemical and hematological parameters were all within the normal published ranges, the capacity of hemolysates to deactivate serum SOS production differed from one species to another, and hemolysates of birds deactivated significantly more of the corresponding sera SOS production than those of primates. One could hypothesize that these differences are related to the presence of nuclei within avian red blood cells (RBCs ), leading to a lower amount of antioxidative enzymes at the time of the analyses. When adding pooled fully hemolyzed whole bloods and reconstructing the AUC obtained for the ROS and peroxides production according to OD at 413 nm, an increase in SOS for each species studied ( Figure 3 ) could be noted, roughly following the initial value of SOS production that corresponded to the lowest OD. The influence of hemolysates on ROS and peroxides production is in agreement with the observation by Sohal and colleagues (Sohal and Sohal et al. 1990 ) that glutathione peroxidase activity negatively correlates with life expectancy in mammals. Iron could have been released from hemoglobin during ultrasound treatment, which could have induced more SOS through the Fenton reaction. Serum transferring-bound iron had been shown to be only poorly influenced by sonication. In addition, in another series of experiments, attempts made to modify SOS production by adding iron to human sera had been unsuccessful (unpublished data).
RBCs are present in human blood at a concentration of 4.5 x 10 /mL and are specialized in carrying oxygen and protons (Cataldi Di Giulio 2009 ) by means of the specialized molecule hemoglobin (Hb ). RBCs are loaded with antioxidant systems specialized to prevent Hb damage due to the oxidative activity resulting from O transport or from other oxidants (Andersen and Nielsen et al. 1997; Azarov and Huang et al. 2005) . Homeostasis of RBCs causes energy release through glycolysis, itself producing ROS via the nicotinamide adenine dinucleotide phosphate (NADPH )/NADPH system (Kawahito and Kitahata et al. 2009 ). Because RBCs are non-nucleated in humans, they must retain the appropriate enzymatic content throughout their entire lifespan of about 120 days. The RBC membrane thus acts as a filter aimed at quantitatively protecting its content and avoiding its alteration as well as permitting the transfer of glucose, ions, and gases such as O . One could hypothesize that differences in the antioxidant content of RBCs could be related, to a certain extent, to the presence of nuclei within avian RBC, allowing a lower amount of antioxidative enzymes at the time of analysis.
However, RBC content appears to strongly increase serum ROS or peroxides production after O production, making it seemingly incompatible with serum as it decreases defenses against oxidative species. Several authors have reported that hemoglobin could scavenge nitrous oxide at such a high rate that it makes HB become oxidative (Nagababu Rifkind 2004) . When the RBC membrane exists, it separates the RBC content from the main antioxidant circulating system(s) located in the serum without interfering with RBC metabolism. These systems could be made up of proteins that are present in such quantities that they can efficiently deactivate oxidative species potentially produced secondarily to primary ROS or O without themselves becoming toxic. Albumin is one of several serum proteins that have an antioxidative cystein 34 residue (Summa and Spiga et al. 2007) . Insulin carries three di-sulfur bonds for 51 amino acids, which could partly explain its antioxidative role in addition to its glycemia-regulating function, although the ROS neutralization is less when sulfur is involved in a bond compared with a cystein residue (Bashan and Kovsan et al. 2009 ).
Haptoglobin, in addition to its cystein residues, interacts with free Hb to decrease its oxidative effects (Wicher Fries 2006; Boretti and Buehler et al. 2009; Levy and Asleh et al. 2010 ). Finally, one should consider that serum ROS and peroxides production are functions that were inherited during species evolution at roughly the same time as the function of oxygen in metabolism.
One could hypothesize that in the absence of a RBC membrane, the overall ROS and peroxides production should be less in hemolymph than in serum because the RBC content increases ROS after O and therefore the consequences of inflammatory or more deleterious metabolic reactions would have to be down-regulated to a lower and probably less efficient level (all other parameters being supposed identical). The species from the Aves class within our study shared the characteristic that none of them fly, which could explain the fact that the values were relatively similar (Moller 2007) . The fact that birds do not follow the same pattern could be due to the limited number of species, selected abnormal patterns due to breeding, a too-imprecise cladistic tree, or even that a better evolution-dependent ROS and peroxides production system is specific to primates (Wicher and Fries 2006) . It could be a determinant of primate evolution -a better ROS and peroxides production that provides a greater metabolic adaptability (Dufour and Landick et al. 2008) . It is likely that a large number of genes influenced ROS and peroxides production during evolution of species; their identification could be the subject of further studies. Finally, it appears that SOS production in serum, which is not without effects, is largely species dependent, although the significance of this characteristic is unclear. Several biochemical parameters that have been measured have varied according to species and have eventually correlated with secondary SOS production. However, some of the characteristics that were likely to influence this production varied inversely (e.g., glucose [ (Bourdon and Loreau et al. 1999; Schleicher and Friess 2007) , creatinine (Seyama 1993) , cholesterol (Kessel and Luo 1996) ) so that the exact role of each remains impossible to predict at this step of our study. Urea concentration had been found to differ between mammals and birds studied because they excrete nitrogen as uric acid (Sheldon and Hoover et al. 2007 ).
Conclusion
One could hypothesize that secondary ROS production after primary ROS also reflects the capacity for O to deactivate. Because ROS or O production is a very ancient pattern that appeared in living species concomitantly with their exposure to oxygen and later to sun, one could hypothesize that deactivation pathways may also result from this long evolution, regardless of the source of ROS or O (Reischl and Dafre et al. 2007 ).
